ROP/RAC GTPases are master regulators of cell polarity in plants, implicated in the regulation of diverse signaling cascades including cytoskeleton organization, vesicle trafficking, and Ca 2+ gradients [1] [2] [3] [4] [5] [6] [7] [8] . The involvement of ROPs in differentiation processes is yet unknown. Here we show the identification of a novel ROP/RAC effector, designated interactor of constitutive active ROPs 1 (ICR1), that interacts with GTP-bound ROPs. ICR1 knockdown or silencing leads to cell deformation and loss of root stem-cell population. Ectopic expression of ICR1 phenocopies activated ROPs, inducing cell deformation of leafepidermis-pavement and root-hair cells [3, 5, 6, 9] . ICR1 is comprised of coiled-coil domains and forms complexes with itself and the exocyst vesicle-tethering complex subunit SEC3 [10] [11] [12] [13] . The ICR1-SEC3 complexes can interact with ROPs in vivo. Plants overexpressing a ROP-and SEC3-noninteracting ICR1 mutant have a wild-type phenotype. Taken together, our results show that ICR1 is a scaffold-mediating formation of protein complexes that are required for cell polarity, linking ROP/RAC GTPases with vesicle trafficking and differentiation.
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Results and Discussion
To identify novel ROP/RAC-interacting proteins, a constitutive-active Atrop10 CA /Atrac8 CA ) was used as bait in yeast two-hybrid screens. Two proteins comprised of 343 and 584 amino acids that were designated interactor of constitutive active ROP1 and 2 (ICR1 and ICR2), respectively, were identified. Sequence analysis showed that ICR1 (At1g17140) and ICR2 (At2g37080) share 20% overall similarity and are comprised almost entirely of coiled-coil domains and no other recognized catalytic or structural domains ( Figure S1 in the Supplemental Data available online). ICR1 shows 23% identity and 47% similarity to Rho-associated coiled-coil making protein kinase 1 (ROCK1) [14] .
To study the function of ICR1 in plants, a T-DNA insertion mutant (icr1 2/2 ) (SAIL_265_G05) has been identified [15] . The T-DNA insertion is located in the 5 0 -UTR of ICR1, 186 bp upstream of the initiation codon ( Figure 1A ). ICR1 mRNA is alternatively spliced at the 5 0 -UTR, yielding two transcripts, which have the same ORF ( Figures 1A and 1B and GenBank accession numbers At1g17140.1 and At1g17140.2). Both transcripts could not be amplified in the mutant ( Figure 1B) . However, low levels of a shorter transcript containing the entire ICR1 ORF could still be amplified by RT-PCR from RNA isolated from seedlings ( Figure 1C ). The adaxial epidermal pavement cells of icr1 mutant plants are cubical ( Figure 1E ) and not interdigitated lobed like wild-type cells ( Figure 1D ) or elongated noninterdigitated like ICR1-overexpressing cells ( Figure 1R ). Interestingly, trichome development and abaxial epidermis cell shape were not altered in the mutant, indicating either that ICR1 affects growth of only certain epidermal cells or that expression of the shorter ICR1 transcript was sufficient to maintain normal growth of some cells. In segregating populations (100 seedlings), this mutant phenotype segregated in a 1 to 3 ratio, strictly cosegregating with the T-DNA insert in the ICR1 UTR and the Bar gene selection marker. A Southern blot analysis revealed only a single T-DNA insertion in a homozygous icr1 genome ( Figure S2 ). To assess the interaction between ICR1 and ROPs, the icr1 mutant was crossed with a GFP-Atrop6 CA /Atrac3 CA cells ( Figure 1G ). This nonadditive phenotype suggested that a wild-type ICR1 is required for AtROP6 gain of function. icr1 2/2 plants had short primary roots that reached a maximal length of up to 0.5 cm and then ceased growth and developed numerous adventitious roots ( Figure 1H ). This phenotype suggested that the root apical meristem collapsed. 25 independent ICR1-RNAi (icr1 sil ) lines were analyzed to further determine whether the phenotype detected for icr1 2/2 T-DNA mutant plants is associated with ICR1 loss of function. Three representative independent icr1 sil lines are shown (Figures 1M-1O ; Figure S3 ). Similar to the icr1 2/2 T-DNA mutant plants, the icr1 sil lines developed numerous adventitious roots and had short primary roots (compare Figures 1H  and 1M and Figures S3A-S3D ). In both the icr1 2/2 and icr1 sil lines, the adventitious roots collapsed after reaching a length of 2-3 cm. This indicates that ICR1 is required for primary and adventitious root maintenance but not for their formation. Development of root hairs at the root tip and the differentiation and organization of columella cells are two morphological indicators that have been associated with dysfunction of the root meristem [16, 17] . In both icr1 2/2 ( Figure 1J ) and icr1 columella identity was examined by staining starch granules. Lugol-stained starch granules were observed in columella cells of WT roots ( Figure 1K , dark stain). In contrast, lugol-stained starch granules were not observed in primary roots of icr1 2/2 ( Figure 1L ) and icr1 sil ( Figure 1O ; Figures S3I and S3J ) plants. The root tips of icr1 2/2 mutant ( Figure 1L ) and icr1 sil (Figures 1N and  1O ; Figures S3I and S3J) seedlings were swollen and irregular cell-division planes were observed.
Taken together, the data in Figure 1 and Figure S3 indicated that loss of ICR1 function leads to collapse of the root meristem. The icr1 2/2 mutant and icr1 sil lines were partially male sterile, indicating that pollen development too was compromised.
Plants overexpressing GFP-ICR1 were virtually indistinguishable from plants that overexpress activated ROPs. The rosette leaves had longer petioles, their blades were folded downward ( Figure 1P ; Figure S4 ), and the root hairs were swollen ( Figure 1Q ). The epidermal pavement cells were rectangular and not interdigitated and lobed ( Figures 1R and 1G ), suggesting that ICR1 is indeed a ROP effector. Next, the interactions between ROPs and ICR1 were studied in detail to explore the functional relation between the proteins.
Qualitative and quantitative yeast two-hybrid assays showed that either WT or constitutive active (CA) forms of AtROP6/AtRAC3 and AtROP10/AtRAC8 but not a dominant-negative (DN) AtROP10/AtRAC8 mutant interacted with ICR1 (Figures 2A and 2F) . In vitro pulldown assays of His 6 -AtROP6 with GST-ICR1 demonstrated the physical interaction between the two proteins and that ICR1 preferentially interacted with GTP-bound ROPs (Figures 2B and 2E ). In the presence of up to 5 mg of either GST or GST-ICR1 in the pulldown mixtures, precipitation of His 6 -ROP6/RAC3 has been detected only with the ICR1 fusion protein. At 10 mg of GST, some nonspecific interaction was detected but the interaction with GST-ICR1 was stronger (Figure 2E) , confirming the specificity of the interaction between the ROP/RAC and ICR1.
ICR1 formed homo-oligomers but did not interact with ICR2 ( Figure 2C ). The homo-oligomerization of ICR1 was verified by pull-down of E. coli-expressed His 6 -ICR1 and Arabidopsis-expressed YFP-ICR1 by GST-ICR1 ( Figure 2D ).
Next we examined the interaction between ROPs and ICR1 in plants. The interaction between ROPs and ICR1 in plants was demonstrated by bimolecular fluorescence complementation (BiFC) [18] and colocalization assays. After transient expression in Nicotiana benthamiana (N. benthamiana) leaf epidermis, both the type I (AtROP6/AtRAC3) and the type II (AtROP10/ AtRAC8) ROPs interacted with ICR1 in the plasma membrane ( Figures 2G and 2H) . When ICR1 was coexpressed with ROP lipid acceptor mutants, Atrop6mS/ Atrac3mS and Atrop10mSS/Atrac8mSS [19, 20] , the reconstituted YFP complexes were observed in nuclei (N) and cytoplasmic strands (CS) (Figures 2I and 2J ). This indicated that the localization of the ICR1-ROP complexes at the plasma membrane depended on the lipid modifications of the ROPs. No YFP fluorescence was detected in negative control experiments in which either YN-ICR1 or YC-ICR1 were coexpressed with a corresponding empty vector control or with dominantnegative ROP mutants (data not shown). GFP-ICR1 was colocalized with mRFP-Atrop11 CA /Atrac10
CA in the plasma membrane of double transgenic plants (Figures 2K-2N ; Figures S5 and S6 ). After plasmolysis, GFP-ICR1 and mRFP-Atrop11 CA /Atrac10 CA were observed on cell-wall-detached plasma membrane ( Figure 2N) . In nonplasmolyzed cells, the cytoplasm is pressed against the membrane, making it difficult to discern between membrane-localized and -nonlocalized protein.
Membrane floatation centrifugation was used to further verify that when coexpressed with an activated ROP, GFP-ICR1 was attached to the membrane ( Figure S5 ), like ROPs [6, 21] . The data in Figure 2 and Figures S5 and S6 indicated that type I and type II ROPs/RACs can interact with ICR1 and that this interaction likely takes place at or near the plasma membrane.
We suspected that ICR1 functions as a scaffold, mediating interactions of ROPs with different proteins. Yeast two-hybrid screens with ICR1 as bait were performed to identify ICR1 interactors. One of the proteins identified was the exocyst complex subunit AtSEC3A (At1g47550 [22, 23] ). In yeast, Rho1 and Cdc42 interact with Sec3 [11, 24] and Rho3 interacts with the exocyst subunit Exo70 [25] . ICR1 but not ICR2 or different type I and type II ROPs interacted with AtSEC3A in yeast twohybrid assays ( Figure 3A) . Furthermore, in the same assay, neither ICR1 nor ICR2 nor different ROPs interacted with an Arabidopsis EXO70 homolog (EXO70A1 [At5g03540] [22, 26] ) ( Figure 3A) . The interaction of ICR1 with AtSEC3A required an intact C-terminal coiled-coil domain, similar to its interaction with ROPs ( Figures  3B, 4A , and 4B). Pull-down assays of His 6 -AtSEC3A with GST-ICR1 confirmed the physical interaction between the two proteins ( Figure 3C ). Next we examined whether ICR1 interacts with SEC3 in plants and whether ROPs and AtSEC3A could interact with ICR1 at the same time. BiFC assays demonstrated interaction of YN-ICR1 and YC-AtSEC3A ( Figure 3D ). Coexpression of YN-ICR1, YC-AtSEC3A, and CFP-ROP9/RAC7 resulted in colocalization of all three proteins in the plasma membrane (Figures 3F-3H ). This suggests that both ROPs/RACs and AtSEC3A could interact with ICR1 at the same time.
ICR1 is predicted to contain two coiled-coil domains. Disruption of either domain interfered with the oligomerization of ICR1, but only disruption of the C-terminal (not the N-terminal) domain inhibited the interaction with ROPs ( Figures 4A and 4B) . The selection of mutated residues was based upon sequence conservation between ICR1 and ICR2. To establish a connection between the role of ICR1 in regulation of cell polarity and its interaction with ROPs and SEC3, transgenic plants expressing the icr1mPP 265, 270 , a ROP/RAC-and SEC3-noninteracting mutant ( Figures 4A, 4B , and 3B), were analyzed. An immunoblot showed that GFP-icr1mPP 265, 270 and GFP-ICR1 were expressed at similar levels ( Figure 4C ). The phenotype of the GFP-icr1mPP 265, 270 plants resembled that of wild-type plants (Figures 4D and 4E ; Figure S7 ). The leaf-epidermis-pavement cells were interdigitated lobed ( Figure 4D ) and root hairs were elongated and not swollen ( Figure 4E ). These results strongly suggested that ICR1 function depends on its ability to interact with ROPs and/or SEC3.
In yeast, Rho1 and Cdc42 interact directly with Sec3 and induce its recruitment to the plasma membrane to facilitate polarized secretion [11, 24] . Another exocyst subunit, EXO70, interacts with the actin nucleation Arp2/3 complex, regulating cell migration [27] and linking secretion with actin organization. Plant and animal SEC3 homologs lack the yeast Sec3 Rho interaction domain. Our results suggest that in Arabidopsis ICR1 provides the missing link between Rho family GTPases and the exocyst. Development of root requires polar auxin transport that depends on distribution PIN family of auxin efflux carriers [28] and vesicle trafficking [29, 30] .
Thus, ICR1 may provide a link between ROPs, the exocyst, vesicle trafficking, possibly actin nucleation, and auxin distribution.
Conclusions
ICR1 is a scaffold whose function is regulated by the ROP/RAC GTPase switch. The protein-interaction assays and mutant analysis indicate that ICR1 interacts with specific group of proteins and that at least part of its function is not redundant. Previously, a group of CRIB-domain-containing ROP effector proteins designated RICs were identified and implicated in regulation of the cytoskeleton during growth of pavement cells and pollen tubes [7, 8] . ICR1 expands the plethora of ROP/RAC-regulated signaling and provides a convergence point for ROP/RAC-regulated pathways in cell polarity and differentiation. The ability of ICR1, ICR2, and possibly other coiled-coil domain proteins, which serve as binding platforms, to interact with various different proteins opens the door to elucidation of the complexity of ROP/RAC signaling.
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